GEOMETRIC STIFFNESS EFFECTS
, Poisson's ratio
INTRODUCftON
The photovoltaic arrays for the international space station consist of a pre-tensioned bla nket of solar collectors, and a deployable mast. NASA uses MSCfNASTRAN finite element program for modeling the dynamic res ponse of the structure due to various loading conditions, such as plume impinge. ment during shuttle docki ng. This finite element program uses the updated stiffness matrix (elastic plus geometric, or ini tial stress stiffness matrix) in determining the natural frequencies and mode shapes, as well as the dynamic response, of a pre· loaded structure. However. during the data recovery phase, during which the moment and shear at the supports, and internal stresses are determined, only the elastic stiffness is used. Previous works (1 -5) have considered the effect of pre-load on natural frequencies and mode shapes. The purpose of this study is to determine whether the absence of the geometric stiffness tenns during data recovery significantly affect s the moment and shear calculations at the nodes.
0.0114 lb/in (lb) 
In this study, the PV array has been idealized into Bellinit prepared a primitive model of the system U.S.A.
(I beam element and 2 string elements) and developed the corresponding stiffness and mass matrices of the model shown in Fig. 2 . Boslea's program BMTRUSS.FOR was also used to assemble the stiffness and mass matrices and verified Bellini's manual calculations. This program uses Bernoulli beam elements and the consistent geometric stiffness matrix and the consistent mass matrix to model the beam, and uniaxial truss elements to model the string. Oloal stiffness and mass matrices are assembled, a Cholesky decomposition is used to convert the generalized eigenvalue problem to the standard form, and subsequently the Jacobi method is applied to determine the natural frequencies and mode shapes.
STATIC DEFLECTION
Before proceeding with the dynamic analysis, one can help ascertain the "reasonableness" of the solution by first considering a static analysis. If one considers a cantilever beam with no pre-load, and applies a concentrated load of one pound at the free end, the following is obtained: By letting n = I, the first buckling load is determined to be 15761b, which is much less that the stipulated pre-load of 150 Ib in this problem. Thus, displacements of the case where P = 150 Ib should be well within the elastic range and material nonlinearity will not be a factor.
When one considers the preload, Bellini's methodology yields
where
and p = 30EI.
EI

Substitution yields
U j = 0.6724 in.
Similarly, using [K] generated by BMTRUSS.FOR yields pre-loaded beam free end static displacement, which The critical buckling loads are is very close (1.5%) to the solution of a simple cantilever beam, as would be expected since the pre-load was very small (10% of the critical buckling load). utilizing MSCjNASTRAN. However, the string el-STRNG.FOR with 10 beam and 10 string elements ements had to be modeled using beam elements with (BSIO&IO). As can be seen from this table, the results very small moments of inertia (lr = I, = 1.0 x 10 -4 in), are essentially identical. The other runs listed in the rather than with truss elements. A similar model table were done to show monotonic convergence of was used by the author in his computer program the lower frequencies. BTl&2 was for a mesh with the BMSTRNG.FOR, which was a modification of beam modeled with one beam element, and the string BMTRUSS.FOR, with beam elements with very modeled with one truss element, comparable to small moment of inertia utilized instead of truss Bellini's model. BSI&2 was a similar model, except elements to model the string. that the string was modeled using two beam elements Table 1 compares the first 12 frequencies of with a very small moment of inertia (1 x 10-4 in4), vibration obtained by MSCjNASTRAN and BM-similar to the string elements in the NASTRAN Table 2 compares the maximum displacements for BMTRUSS.FOR, with beam elements with very small moment of inertia utilized instead of truss elements to model the string. Table I compares the first 12 frequencies of vibration obtained by MSCjNASTRAN and BM-STRNG.FOR with 10 beam and 10 string elements (BSIO&10). As can be seen from this table, the results are essentially identical. The other runs listed in the table were done to show monotonic convergence of the lower frequencies. BT I &2 was for a mesh with the beam modeled with one beam element, and the string modeled with one truss element, comparable to Bellini's model. BS1&2 was a similar model, except that the string was modeled using two beam elements with a very small moment of inertia (1 x 10-4 in4), similar to the string elements in the NASTRAN model. Similarly, BS2&2 and BS4&4 included two beam, two string, and four beam, four string elements, respectively. Table 2 compares the maximum displacements for various meshes. The displacements were calculated using the output natural frequencies and mode shapes generated by the program BMSTRNG.FOR along with the program MODNEW.FOR, which solves for the displacements using a modal analysis and the Newmark Beta algorithm. Using 10 beam and 10 string elements, and a distributed impulse load of 0.0114 Ib in -Ion the string (case a), yielded a maximum deflection of 6.50548 in at t = 2.0740 s. For a concentrated end load on the beam of 1.0 Ib (case b), the maximum deflection of 1.04029 in occurred at t = 1.2988 s. This table shows the effects of mesh fidelity on the response.
DATA RECOVERY METHODOLOGY
As an example, the shear and moment at the fixed end were calculated for case (b) [F(t) = 0.01141b in -1] using the partitioned stiffness and mass matrices for the BS1&2 model. The basic data recovery equation is
where the subscripts c and a correspond to the constrained and active partitions of the stiffness and mass matrices, or The time histories of the shear and moment at the support for BSIO&IO were calculated, both including and omitting [Kgl in the data recovery. The maximum moment at the fixed support, which occurred at I  I  I  I  I  I  I  I  ,  ,  I  , ;.a Table 3 compares these results with MSC/ NASTRAN , which includes Kg determining the dynamic response, but neglects the Kg contribution during data recovery. Since the MSCjNASTRAN 20 element model includes some damping, and the max i· mums occur when I > to , it is expected that the results obtained will be slightly lower, as is the case.
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Results indicate that the moment at the support, and subsequent bending stresses for this problem, are relatively unaffected by the omission of [Kg) from the data recovery (less than ) % low). The vertical reaction at the support is significantly affected (40.4% low) when [Kg) is omitted. As previously indicated, the difference between BS 10& 10 neglecting Kg> and thc NASTRAN 20 element model may be partially attributed to the inclusion of slight damping in the model. The relatively large difference in the vertical reaction (shear) at the support is due to the fact that the contribution from the displacement of the string (which is relatively large) is neglected when Kg is omitted during data recovery. The pre-load in the beam does not significantly affect the shear because the deflection of the beam itself is much smaller (6.424 in compared to 22.733 in or 28.25%), and the contribution to the shear caused by rotation of the beam tip acts in the opposite direction. The affect on the moment is insignificant since the pre-load in the string is directed toward the support. Hence, it has no moment contribution.
it should be noted that the author's calculations in Table 3 correspond to the loads on the attachment point, and not the loads on the individual elements. in order to illustrate the effects on the individual elements, the three element static case was investi· gated.
DATA RECOVERY-STATIC ANALYSIS
As an aid in gaging the reasonableness of the results of the dynamic analysis, suppose one considers the idealized photo-voltaic array in Fig. 1 , but statically applies a distributed load of 0.0114 lb in -I to the string, The finite element for one beam and two string elements would be In terms of the partitioned matrices in the data recovery equation, this becomes Figure 8 shows the applied effective loads (due to the distributed load on the string) and associated reactions. It should be noted that in the latter case ([Kg] omitted during data recovery), the structure is no longer in equilibrium. The results are presented in Fig. 9 and Table 4 . for the static and dynamic load cases support the "reasonableness" of the prior dynamic analysis.
RESULTS OF STATIC ANALYSIS CONCLUSION AND RECO'YIMENDATION
For this idealized static load problem, omitting [Kg] during data recovery causes significant underAs the results of this analysis clearly indicate, estimation of the vertical (shear) load at the fixed the neglect of the geometric stiffness terms during support (-32.2%), as well as the end shears of the data recovery may cause significant error in the string elements (end shears essentially undetected). calculation of shear stress. This occurs regardless of The moment obtained at the support is very close to whether geometric stiffness was included during the the actual value using [Kel + [Kgl (-1.4%). The end calculation of the displacements. When analyzing a shears of the beam element are slightly conservative structure with pre-loaded components, one should (8.8% high). The presence of similar discrepancies always consider the contribution of the preload to the would be expected for the impulse loads with the stiffness by including the geometric stiffness terms various meshes. The relative closeness of the results during all phases of the analysis; calculation of free vibration frequencies and mode shapes, dynamic response, and subsequent determination of bending and shear forces and stresses.
